Epidemiological data have suggested that 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors (statins) prevent the progression of chronic kidney diseases (CKDs), whereas the precise mechanism explaining in vitro to in vivo is missing. This study is aimed at exploring a new mechanism of action by statins on renal fibrosis, a hallmark of CKD, using mouse renal fibrosis model in vivo and Madin-Darby canine kidney (MDCK) cells expressing USAG-1 in vitro. C57/BL6 mice fed a 0.2% adenine-containing diet for 4 weeks developed renal dysfunction accompanied with severe tubulointerstitial fibrosis. Subsequent simvastatin (SIM) treatment (50 mg/kg per day) for 2 weeks significantly suppressed fibrosis progression. We found that SIM enhanced bone morphogenetic protein-7 (BMP-7)-mediated anti-fibrotic signaling with the reduced expression of uterine sensitization-associated gene-1 (USAG-1), a BMP-7 antagonist produced by renal distal tubular epithelial cells. Therefore, MDCK cells were incubated with transforming growth factor-b1 and showed increased expression of USAG-1 and a-smooth muscle actin; SIM significantly reduced them. SIM significantly increased E-cadherin expression. Gene knockdown experiments using MDCK suggested that homeobox protein Hox-A13 (HOXA13) played a suppressive role in the USAG-1 gene and thus SIM reduced USAG-1 by increasing HOXA13 expression. The data from our study demonstrate that SIM, one of statins, contributes to prevent the progression of renal fibrosis by upregulating BMP-7-mediated anti-fibrotic signaling and that one aspect of crucial efficacies is achieved by regulating HOXA13 and USAG-1. HOXA13-USAG-1 pathway is a newly identified mechanism in renal fibrosis and will be a new therapeutic target for preventing renal fibrosis progression in CKDs.
Chronic kidney disease (CKD) has recently been recognized as a public health problem. Its incidence and prevalence continue to increase, entailing poor outcomes and high costs. 1, 2 Although CKD progresses slowly, it eventually evolves to end-stage renal disease, which necessitates renal replacement therapy such as dialysis or kidney transplantation. Moreover, CKD is well known to contribute strongly to cardiovascular disease and high mortality. 3 Unfortunately, no treatment can prevent the progression of CKD completely.
The best predictive factor for progression of CKD to endstage renal disease is not the etiology of glomerular injury, but the degree of tubulointerstitial damage such as fibrosis and inflammatory cell infiltration. [4] [5] [6] [7] Tubulointerstitial fibrosis is a common pathological change occurring in association with chronic kidney damage. 8 Fibrosis is induced and accelerated by myofibroblasts in the renal interstitium, thereby producing an extracellular matrix. Interstitial myofibroblasts are reportedly derived from several sources, including proliferation of 'primary' fibroblasts, stem cells and renal tubular epithelial cells. 9, 10 Recently, it was reported that tubular epithelial cell cycle arrest at G2/M after kidney injury initiates to renal fibrosis progression. 11 Two multifactorial growth factors--transforming growth factor-b1 (TGF-b1) and bone morphogenic protein-7 (BMP-7)--are the key molecules to determine the fate of kidney; the balance between TGF-b1 and BMP-7 signaling determines whether renal fibrosis is accelerated or not.
Results of clinical and basic studies suggest that 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors (statins) can preserve renal function and suppress renal fibrosis. 12 Some benefits of statins are achieved by a cholesterollowering independent effect. Potential pleiotropic effects of statins for renal injury, such as inhibition of isoprenoid synthesis, antioxidant effects, improvement of endothelial function and anti-inflammation, are expected from previous reports. [12] [13] [14] [15] Isoprenoids are necessary to activate small guanosine triphosphate binding proteins such as Ras homolog gene family member A. In vitro studies have shown that these small guanosine triphosphate binding proteins mediate TGF-b1 signaling and accelerate renal fibrosis; 16 statins suppress renal fibrosis by inhibiting Ras homolog gene family member A-mediated pathway. 16, 17 Although several mechanisms of renal preservation by statins have been suggested, no report has described an investigation of whether statins contributes to preventing renal fibrosis by modulating BMP-7-dependent anti-fibrotic pathway.
Recently, it has been recognized that uterine sensitizationassociated gene-1 (USAG-1), a dominant antagonist of BMP-7, contributes to renal injury. 18, 19 In previous studies, it was demonstrated that USAG-1 is expressed in renal distal tubular epithelial cells, and USAG-1 knockout mice showed reduced tubulointerstitial fibrosis in a unilateral ureter obstruction model. 18, 19 Nevertheless, little is known of whether suppressing USAG-1 by therapeutic agents will reduce renal fibrosis.
In this study, we examined the protective effect of simvastatin (SIM), a representative of statins, on a mouse renal interstitial fibrosis model, which is induced by feeding mice with adenine-containing diet (Ad) for several weeks. 20 We also performed in vitro analysis with Madin-Darby canine kidney (MDCK) cells to identify the target of SIM and mechanism by which SIM upregulates BMP-7-mediated anti-fibrotic pathway.
MATERIALS AND METHODS Animal Experiments
Eight-week-old female C57BL/6 mice were used in this experiment. The animals were kept in specific pathogenfree conditions at our animal facility. All experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals (US Department of Health and Human Services Public Health Services, National Institutes of Health, NIH Publication No. 1985) and approved by the University of Tokyo Institutional Review Board. They were allowed food and water ad libitum. Both the SIM-treated group (Ad þ SIM group) and -untreated group (Ad group) were fed a 0.2% (w/w) adenine-containing diet for 4 or 6 weeks. From 2 weeks after the start of Ad, the Ad þ SIM group was given SIM (generously provided by MSD KK, Tokyo, Japan) suspended in 5% carboxyl methyl cellulose solution 50 mg/kg per day by oral gavage for 2 or 4 weeks; the Ad group was given 5% carboxyl methyl cellulose solution only. On the basis of various different doses of SIM administration in previous studies on animal models of chronic renal disease, 15, [21] [22] [23] we decided the dose of SIM in this study, which is close to the median value of those of previous studies (10-100 mg/kg per day). The normal diet group (N group) was fed a normal diet and given water for 4 weeks. Blood samples were collected at every 2 weeks after the start of adenine-containing diet. The mice were killed at 4 weeks to collect specimens.
Blood Chemistry
Blood urea nitrogen (BUN) was measured using the ureaseindophenol method (Urea N B test; Wako Pure Chemical Industries, Osaka, Japan). Serum total cholesterol was measured using an enzymatic colorimetric method (Cholesterol E test; Wako). Alanine aminotransferase was measured using the pyruvate oxidase-N-ethyl-N-(2-hydroxy-3-sulfopropyl)-m-toluidine (POP-TOOS) method with a Transaminase CII-test Wako (Wako Pure Chemical Industries).
Plasma creatinine measurements using high-performance liquid chromatography (HPLC) were conducted according to a previously described method with some modification. 24 HPLC mobile phase (200 mM sodium acetate, pH 5.1) was freshly made and filtered (0.2 mm) before use. The HPLC grade acidified acetonitrile (Kanto Chemical, Tokyo, Japan) was added to plasma (5 ml), vortexed and centrifuged for 15 min at 13 000 g, 4 1C. The supernatant fraction of each sample was transferred completely to a tube, evaporated to dryness and resuspended immediately in 125 ml of HPLC mobile phase. Sample injections (50 ml each) were performed with a 125 Â 4.6 mm 2 cation exchange column (Shodex IC YS-50; Showa Denko KK, Tokyo, Japan). Isocratic HPLC was performed at a flow rate of 1 ml/min. Thereafter, UV absorbance at 234 nm was monitored for 8 min after each injection. The creatinine peak was eluted at 6.0-6.8 min, and integration was performed using software (D-2000Elite; Hitachi High-Technologies, Tokyo, Japan).
Pathological Analysis
Kidneys were collected at 4 weeks after starting adeninecontaining diet and fixed in 10% buffered formalin. Paraffin sections of 2 mm were stained with Masson's trichrome. Immunohistochemistry for a-smooth muscle actin (a-SMA) and F4/80 was performed as described previously. 20 Immunohistochemistry for E-cadherin was performed using anti-E-cadherin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The area of interstitial fibrosis and the area of a-SMA-positive myofibroblast, E-cadherin-positive epithelial cell and F4/80-positive macrophage were evaluated using a computer-aided evaluation program (AIS; Imaging Research, St Catharines, Ontario, Canada) as described previously. 25 Interstitial volume in the renal cortex was evaluated by a point counting method as described previously. 26 Cell Culture, RNA Interference and Overexpression of Homeobox Protein Hox-A13 MDCK cells and human embryonic kidney cells (HEK293 cells) were obtained from the American Type Culture Collection, and cultured in Dulbecco's modied Eagle's medium (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin G and 100 mg/ml streptomycin, in a humidified atmosphere containing 5% CO 2 at 37 1C. The MDCK cells were seeded on 6-or 12-well culture plates and the HEK293 cells on 10 cm culture dishes in complete medium containing 10% FBS.
On the basis of the previous observation that homeobox protein Hox-A13 (HOXA13), a transcriptional factor, binds to USAG-1 coding DNA region and regulates USAG-1 expression in organogenesis, 27 0 . Subsequently, the cells were kept in serum-free medium for 24 h, and then they were placed into the 1% FBS-added medium containing recombinant human 5 ng/ml TGF-b1 (Sigma-Aldrich, St Louis, MO, USA) with or without 0.2 mM SIM for 72 h. 28, 29 We decided the concentration of SIM to reduce toxicity and preserve efficacy of SIM based on the result of our preliminary experiments showing that MDCK cells were detached by 2 mM SIM treatment and USAG-1 expression was not changed by 0.02 mM SIM treatment (data not shown).
To obtain sufficient HOXA13 protein for electrophoretic mobility shift assay (EMSA) described below, HOXA13 expressing plasmid DNA was transfected to HEK293 cells. After reaching approximately 90% confluent, HEK293 cells were transfected with either human HOXA13 plasmid DNA (ORIGENE Technologies, Rockville, MD, USA) or control empty plasmid DNA (Agilent Technologies, La Jolla, CA, USA), using Lipofectamine 2000 Reagent (Invitrogen). Thereafter, they were placed into complete medium containing 10% FBS for 72 h.
Quantitative PCR Analysis for USAG-1, BMP-7, HOXA13, TGF-b1 and MCP-1 Expression Total RNA isolated from the harvested kidneys or MDCK cells were reverse-transcribed to cDNA using recombinant MLV reverse transcriptase and random hexamers (High Capacity cDNA Reverse Transcription Kit; Applied Biosystems, Carlsbad, CA, USA). Transcripts encoding TGF-b1 and monocyte chemoattractant protein-1 (MCP-1) were measured as described previously. 20 Transcripts encoding BMP-7, USAG-1 and canine HOXA13 were measured using SYBR Green-based quantitative PCR with Power SYBR Green PCR Master Mix (Applied Biosystems) and a sequence detection system (Prism 7000; Applied Biosystems). Murine HOXA13 was measured using FastStart DNA Master SYBR Green 1 (Roche Applied Science, Indianapolis, IN, USA). The sequences of primers are as follows: murine USAG-1 (forward: 5 0 -GCAACAGCACCCTGAATCAAG-3 0 ; reverse:
To normalize for variance in loaded cDNA, 18S ribosomal RNA (18S rRNA) of mice and GAPDH of MDCK cells were amplified in a separate tube using TaqManand SYBR Green-based quantitative PCR, respectively. Probe primers for 18S rRNA was obtained from Applied Biosystems. Standard curves were prepared for each gene and the 18S rRNA or GAPDH in each experiment to normalize the relative expression of the genes of interest to the 18S rRNA or GAPDH control.
Immunoblot Analysis for a-SMA, E-Cadherin, Phosphorylated Smad 2/3, Phosphorylated Smad1/5/8 and HOXA13 Protein samples were extracted from the whole kidney or MDCK cells with radio-immunoprecipitation assay buffer containing a protease inhibitor cocktail as described previously. 25 After centrifugation of the samples, the supernatants were used as whole kidney lysates or whole cell lysates. The lysates were boiled in sample buffer containing 5% (w/v) SDS with 20% (v/v) 2-mercaptoethanol and separated on a 10-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After transferring proteins from the gel to a polyvinylidene difluoride membrane (GE Healthcare UK, Buckinghamshire, UK), immunoblot analysis was performed using 1:1000 diluted anti a-SMA antibody (1A4; Sigma-Aldrich), 1:500 diluted anti E-cadherin antibody (Santa Cruz Biotechnology), 1:200 diluted anti-phosphorylated Smad2/3 (pSmad2/3) antibody (Santa Cruz Biotechnology), 1:200 diluted anti-phosphorylated Smad1/ 5/8 (pSmad1/5/8) antibody (Cell Signaling Technologies, Danvers, MA, USA). The chemiluminescent signal labeled using ECL Plus (GE Healthcare UK) was detected using a CCD camera system (LAS-4000min; Fuji Photo Film, Tokyo, Japan). The membrane was incubated at 50 1C for 30 min in a stripping buffer to remove all the probes; it was re-probed with anti a-tubulin antibody (Santa Cruz Biotechnology). Densitometric analysis of bands compared with the density of a-tubulin was performed using the software Multi Gauge, ver. 3.1 (Fuji Photo Film).
HOXA13 Binding Sites in USAG-1 Promoter HOXA13 DNA-binding domain has high affinity to the sequence containing AATAAA (core DNA sequence is TAA). 27 We found such sequence within 2000 bp upstream of canine USAG-1 coding region, according to the database search of NCBI (http://www.ncbi.nlm.nih.gov/). To investigate whether HOXA13 binds to this DNA sequence located in the upstream of USAG-1 coding region, we conducted EMSA.
A 40 bp oligonucleotide sequence, which locates upstream of USAG-1 coding region (sequence position relative to the start codon of USAG-1 is À1932 to À1892) and contains the motif 'AATAAA' in the middle of its sequence, was synthesized and biotinylated (5 0 -TTTCAGAAAGGATGTCAGAAT AAACATCTACATACAACCT-3 0 ; Sigma-Aldrich). This oligonucleotide sequence was annealed with complementary oligonucleotide sequence (Sigma-Aldrich). Nuclear proteins were extracted from HEK293 cells transfected with either HOXA13 or control empty plasmid DNA using commercial kit (CelLytic NuCLEAR Extraction Kit; SigmaAldrich). EMSA was performed using the commercial kit (Panomics, Fremont, CA, USA) as described previously. 30 Briefly, nuclear extracts were incubated with a biotin-labeled or -unlabeled 40 bp oligonucleotide for 30 min at 15 1C, and HOXA13-bound oligonucleotide was separated from unbound oligonucleotide by electrophoresis on a 6% TBE gel. After transfer to Biodyne B nylon membrane (Pall, Port Washington, NY, USA), the biotin-labeled bands were visualized using horseradish peroxidase-based chemiluminescence.
Statistical Analysis
Results are expressed as mean values ± s.e.m. Differences among experimental groups were determined using one-way ANOVA with post hoc analysis. Differences for which Po0.05 were considered significant.
RESULTS

Effects of SIM on Renal Function and Histopathological
Changes in Adenine-Induced Mouse Tubulointerstitial Injury Model BUN levels of the adenine diet group were significantly higher than the normal diet group (N group) 2 weeks after starting adenine diet (N group, 17.9 ± 1.0 mg/dl (n ¼ 6); adenine diet group, 49.1 ± 4.1 mg/dl (n ¼ 16)). Mice of adenine diet group were equally divided into two groups, the vehicle-only group (Ad group) and the SIM treatment group (Ad þ SIM group) at 2 weeks. The levels of BUN and plasma creatinine in the Ad þ SIM group (n ¼ 8) were significantly lower than the Ad group (n ¼ 8) at 4 weeks (Figures 1a  and b ). When we examined the level of BUN in another set of animals, BUN levels in the Ad þ SIM group were also significantly lower than the Ad group at 6 weeks (Ad group, 132.1 ± 6.9 mg/dl (n ¼ 5); Ad þ SIM group, 115.5 ± 5.4 mg/dl (n ¼ 5)). Because renal protective effect of SIM was observed as early as 4 weeks, we decided to evaluate the mechanism of action of SIM after 2-week treatment. Adenine administration increased serum total cholesterol levels measured at 4 weeks; however, SIM did not influence them (Figure 1c ). These data show that SIM improved renal function independently from its cholesterol-lowering effect. Neither adenine administration nor SIM changed the serum alanine aminotransferase levels of the animals (Figure 1d ). Pathological evaluation showed remarkable interstitial fibrosis, irregular renal tubular dilatation, increased a-SMA expression and decreased E-cadherin expression in the kidney at 4 weeks (Figure 2a ). Fibrotic area in Masson's trichrome stain was increased by adenine administration and improved by SIM treatment (Figure 2b ). Interstitial volume evaluated by point counting method was also significantly increased in the Ad group compared with the N group and improved by SIM treatment (Figure 2c) . Quantitative analyses on a-SMA-positive area and E-cadherin-positive area revealed that SIM improved these histopathological changes (Figures 2d  and e) . F4/80-positive inflammatory cell (macrophage) infiltration in the interstitium was increased by adenine administration and reduced by SIM (Figures 2f and g ). The mRNA expression of MCP-1 in the kidney was increased by adenine administration; SIM treatment decreased it significantly (Figure 2h ). Statin
Evaluation of the Molecules Associated with Fibrosis and Anti-Fibrosis in the Kidney
The mRNA expression levels of TGF-b1 in the kidney were increased by adenine administration and SIM treatment decreased them significantly (Figure 3a) . Immunoblot analysis demonstrated that SIM significantly reduced the expression of phosphorylated Smad2/3 ( Figure 3b ) and a-SMA (Figure 3c ), which acts as a transducer of TGF-b1-mediated signaling pathway and a marker of renal fibrosis progression. BMP-7 gene expression levels were not changed by adenine administration or SIM treatment (Figure 3d ). With regard to the report demonstrating that phosphorylation of Smad1/5/8 is associated with BMP-7 signaling in the kidney of mice, 19 we found that phosphorylation levels of Smad1/5/8 were reduced in the Ad group and SIM significantly increased it (Figure 3e ). SIM significantly increased the expression of E-cadherin, a phenotype marker of epithelial cells (Figure 3f) . We further examined the expression of a BMP-7 antagonist, USAG-1, and found that its mRNA expression was increased in the Ad group; SIM significantly reduced it (Figure 3g ). HOXA13 is a transcriptional factor that negatively regulates USAG-1 expression. 27 We observed that renal expression of HOXA13 was significantly increased in the Ad þ SIM group compared with the Ad group (Figure 3h ). These data indicate that SIM not only suppressed fibrotic pathway, but also enhanced anti-fibrotic pathway by downregulating a dominant BMP-7 antagonist USAG-1, and not by enhancing BMP-7 production. The effect of SIM for USAG-1 is, at least partly, mediated by its effect for HOXA13 upregulation.
Effects of SIM on In Vitro Model of Fibrosis Using Distal Tubular Epithelial Cells
We conducted in vitro experiments using MDCK cells to evaluate molecules expressed in renal distal tubular cells. 28, 31, 32 An in vitro model of fibrosis was induced by incubating MDCK cells with TGF-b1. 28 , 29 On quantitative (Figure 4b ). We found that HOXA13 expression in MDCK cells was decreased by TGF-b1, whereas SIM increased HOXA13 expression significantly (Figure 4c ). On immunoblotting, a-SMA expression was increased and E-cadherin was decreased significantly when MDCK cells were incubated with TGF-b1, and SIM treatment improved them (Figures 4d and e) . We further conducted knockdown of HOXA13 by RNAi. The BMP-7 expression was not changed considerably as a result of RNAi for HOXA13 (Figure 4a , hatched bar). However, results show that the effect of SIM on USAG-1 expression was remarkably reversed by knockdown of HOXA13 gene (Figure 4b , hatched bar). The effect of SIM for a-SMA and E-cadherin expression in MDCK cells was also canceled by knockdown of HOXA13 gene in significant level (Figures 4d and e, hatched bar) . These results suggest that SIM enhanced BMP-7-dependent anti-fibrotic signaling via HOXA13-USAG-1 pathway.
Binding of HOXA13 to the Promoter Region of USAG-1 Gene
In accordance with the previous report, 33 transfection efficacy of plasmid DNA into MDCK cells was not so high in our experiment that HOXA13 protein could not be obtained sufficiently for EMSA. Therefore, we used HEK293 cells, which showed better transfection efficacy than MDCK cells. Overexpression of HOXA13 in HEK293 cells was confirmed by immunoblot analysis with the nuclear extract (Figure 5a ). EMSA was conducted to examine whether HOXA13 protein in the nuclear extract bound to DNA sequence in the promoter region of USAG-1. When nuclear extract was incubated with both biotinylated and unlabeled competitor DNA probe, a shift of the intensive band was observed, 
DISCUSSION
In this study, we found that SIM ameliorated renal fibrosis through HOXA13-USAG-1 pathway for the first time. In several large clinical trials, statins preserved or improved renal function. [34] [35] [36] [37] [38] [39] Although results of basic studies suggest that statins have pleiotropic effects in a cholesterol-lowering effect-independent manner, 12-17 the mechanisms have not been sufficiently revealed yet. Furthermore, no report in the relevant literature has described examination of whether statins modulate BMP-7-and USAG-1-mediated pathway, which counteracts the TGF-b1-mediated fibrotic pathway. This study demonstrates that SIM contributes to suppression of renal fibrosis by modulating the BMP-7-dependent antifibrotic pathway in vivo independently from its cholesterollowering effect.
Adenine-induced renal fibrosis model using rats was originally reported several decades ago, 40 and we recently modified this model with C57BL/6 mice. 20 Adenine is oxidized to 2,8-dihydroxyadenine by xanthine dehydrogenase and 2,8-dihydroxyadenine will be precipitated in renal tubules because of its low solubility. Deposition of 2,8-dihydroxyadenine in renal tubules degenerates renal tubular epithelial cells and causes inflammatory injury with subsequent fibrotic changes. Renal fibrosis in this model was evaluated in two different measurements of interstitial volume and fibrotic area stained as blue by Masson's trichrome (Figure 2b and c) . Not only interstitial volume, which is reported to be approximately 4-9% in the normal renal cortex, 26, 41 but also fibrotic area was significantly increased by adenine-containing diet in accordance with previous reports including unilateral ureteral obstruction model. 20, 26 Results from our in vivo and in vitro experiments indicate that SIM enhanced anti-fibrotic pathway by suppressing USAG-1, not by upregulating BMP-7. Actually, TGF-b1 has been identified as the dominant inducer of renal fibrosis, 10, 42 whereas BMP-7 signaling counteracts TGF-b1-mediated fibrotic pathway within tubular epithelial cells. 43, 44 In the adult kidney, BMP-7 is produced in distal tubular epithelial cells and secreted from these cells to contribute to repair of chronic tubular injury. [45] [46] [47] Among the several BMP-7 antagonists detected in the kidney, 48 USAG-1 acts as a dominant BMP-7 antagonist and contributes strongly to renal tubular injury. 19 Direct effects of USAG-1 on renal disease have been reported by using systemic USAG-1 knockout mice. Yanagita et al 19 showed that USAG-1 knockout mice exhibited prolonged survival and preserved renal function in acute and chronic renal injury models. Tanaka et al 49 demonstrated that ablation of USAG-1 gene in Alport syndrome model mice led to substantial attenuation of disease progression. Because USAG-1 is strongly expressed during development besides in the adult kidney, renal tubule-specific USAG-1 knockdown by using recently advanced technique such as Tet-On/Off system will provide more direct evidence of the role of USAG-1.
In this study, we observed decreased expression of TGF-b1 and pSmad2/3 by SIM treatment in vivo (Figures 3a and b) . The marker of infiltrative macrophage and MCP-1 expression were attenuated by SIM (Figure 2h) . Therefore, SIM appears to show anti-fibrotic effect in the kidney by acting on multiple pathways; USAG-1 affected BMP-7-mediated antifibrotic pathway and other mechanisms of renal fibrosis including TGF-b1-mediated fibrotic pathway. The balance between TGF-b1-mediated signaling (so-called epithelialto-mesenchymal transition (EMT)) and BMP-7-mediated signaling (so-called mesenchymal-to-epithelial transition (MET)) will determine the fate of cell to a-SMA-positive fibroblast or E-cadherin-positive epithelial cell, respectively. 50 In this study, molecules related to renal fibrosis progression, TGF-b1, pSmad2/3 and a-SMA, were all increased in fibrotic kidney and reduced by SIM treatment. On the other hand, pSmad1/5/8 and E-cadherin expression were decreased in fibrotic kidney and increased by SIM, although BMP-7 levels did not change. USAG-1, a dominant antagonist of BMP-7, was increased in fibrotic kidney, and reduced by SIM. These data indicate that SIM put the EMT/MET balance towards MET in the fibrotic kidney, at least partly, by decreasing USAG-1 without any direct effect on BMP-7 ( Figure 6 ). In vitro experiments using MDCK cells partially support in vivo findings described above (Figure 4) . Multiple intracellular signaling including not only Smad phosphorylations, but also downstream intranuclear molecules of Smurf, SnoN, STAT3 and b-catenin may indicate TGF-b1-and BMP-7-mediated pathway activations. Further investigation for these intracellular/intranuclear molecules in vitro that will give us more information about the protective effect of SIM is necessary.
Although it has been shown that systemic administration of BMP-7 is effective to reduce renal fibrosis in experiments with an animal renal fibrosis model, 43, 47, 51 it remains to be resolved whether systemic adverse effects such as ectopic bone formation might occur after systemic administration of BMP-7. However, anti-fibrosis treatment targeting USAG-1 is reasonable to prevent systemic adverse effects because USAG-1 is expressed restrictedly in renal distal tubular epithelial cells in adult tissues. Drug discovery targeting USAG-1 might provide a new therapeutic agent against CKD, which suppresses the progression of renal dysfunction and has less systemic adverse effect.
Previous report using in situ hybridization showed that USAG-1 mRNA expression is limited in distal tubular cells of adult kidney. 52, 53 Targeted disruption of the HOXA13 gene leads to a specific forelimb and hindlimb autopodal phenotype. 54 Recently, Knosp et al 27 identified multiple HOXA13 binding sites within the promoter region of USAG-1 gene. They further demonstrated dosage-dependent suppression of USAG-1 expression by HOXA13 using luciferase assay and elevated USAG-1 expression in HOXA13 homozygous mutant limbs. In our in vitro experiments with MDCK cells, the effect of SIM on USAG-1 was cancelled by knockdown of HOXA13 gene, indicating that HOXA13 negatively modulates USAG-1 expression. We further demonstrated that HOXA13 binds to the USAG-1 promoter region by EMSA ( Figure 5 ).
Reportedly, HOXA13 also inhibits TGF-b1/Smadmediated transcriptional activity in addition to the suppressive effect on USAG-1. This indicates that HOXA13 contributes to not only enhance BMP-7-mediated antifibrotic pathway, but suppress TGF-b1-mediated fibrotic pathway. 55 Further investigation is necessary to clarify the role of HOXA13 in the pathogenesis of renal fibrosis. Because HOXA13 plays a role in embryogenesis and is expressed in many organs, kidney-specific knockout of HOXA13 may give us more direct evidence for involvement of HOXA13 in USAG-1 regulation and renal fibrosis.
In conclusion, SIM contributes to preventing the progression of renal fibrosis by accelerating BMP-7-mediated anti-fibrotic effect in a mouse tubulointerstitial injury model. In vitro analysis with MDCK cells revealed that the protective effect of SIM is achieved by suppressing USAG-1 expression via a transcriptional factor HOXA13. This study demonstrates not only that the protective effects of statin for progressive renal fibrosis are associated with HOXA13 and USAG-1, but that HOXA13-USAG-1 pathway would be a novel drug target against the progression of renal fibrosis.
